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SULFONAMIDE ACTIVITY AS INFLUENCED BY
VARIATION IN pH OF CULTURE MEDIA*
ALFRED H. BRUECKNER
In view of recent reports suggesting a possible relationship
between ionization and the bacteriostatic action of the sulfonamides,
it was thought that it might be of interest to study the activity of
several sulfonamide derivatives as well as that of p-aminobenzoic
acid under a widely varying pH range of the culture medium.
Therefore, experiments were carried out with a strain of Staph.
aureus which grew in a synthetic medium at pH values between 6.5
and 8.9. Tests for bacteriostasis by the sulfonamides and for the
reversal of sulfonamide activity by p-aminobenzoic acid were made
at several pH levels. The sulfonamide compounds used were
sulfanilamide, sulfaguanidine, sulfapyridine, sulfathiazole, and
sulfadiazine.
The medium employed was that described by Gladstone3 for
the cultivation of Staph. aureus. It consisted of a mixture of amino
acids, salts, and glucose to which were added the growth factors,
nicotinic acid and thiamin chloride. This medium was sterilized
by filtration through a Mandler filter candle and the pH was
adjusted aseptically after sterilization. A glass electrode poten-
tiometer was used in making pH adjustments and determinations
in all experiments.
The test strain of Staph. aureus was cultivated exclusively in
the chemically defined medium throughout the course of the
investigation.
Sulfonamide stock solutions were made up on a molar basis in
the test medium and the pH was adjusted by adding small amounts
of concentrated solutions of HCI or NaOH. The various concen-
trations of the sulfonamide compounds to be tested were obtained
by making serial dilutions of the stock solutions, so that each tube
in a test contained half the sulfonamide -concentration of the one
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preceding it. The inoculum in all cases consisted of one drop of a
dilution of a washed 24-hour culture of the test organism. Dilution
plates were poured to determine the size of the inoculum, which
usually approximated 5000 organisms and clumps of organisms for
each milliliter of medium.
Tests were observed daily for five days after inoculation and the
cultures showing no visible growth in this period were considered
as inhibited. Preliminary tests showed that the pH of the medium
changed less than 0.2 units during the period of growth preceding
the stage of visible clouding of the medium. The change in pH
was the same whether growth was normal or was delayed by the
presence in the medium of sulfonamide compounds. It was also
TABLE I
AVERAGE MINIMUM MOLAR BACTERIOSTATIC CONCENTRATION OF SULFONAMIDES
Minimum bacteriostatic
pH concentrationx lO4M a-.a2 2(1-a)
Sulfanilamide 6.5 2250 (4)* .0001259
(pKa= 10.4) 7.8 450 (4) .00249
8.9 350 (3) .00297 .00388
Sulfaguanidine 6.5 2000 (3)
(pKa= 10) 7.8 250 (2)
8.9 200 (2)
Sulfapyridine 6.5 400 (3) .0122
(pKa=8.4) 7.8 125 (3) 0.16
8.9 200 (3) 0.182 .069
Sulfathiazole 6.5 45 (5) 0.16
(pKa=7.1) 7.8 32 (5) O.14
8.9 90 (5) .0157 .014
Sulfadiazine 6.5 80 (6) 0.25
(pKa=6.5) 7.8 195 (5) .046
8.9 700 (3) .00398 .0039
* Figures in parentheses designate the number of observed results used in com-
puting the average.
noticed that once clouding of the medium appeared, growth usually
went on to the maximum reached;by controls.J. LFCT OF PSI ON SULFONAMIDE ACTIVITY
The results of tests for bacteriostasis with the five sulfonamide
drugs at pH levels of 6.5, 7.8, and 8.9 are summarized in Table 1.
The bacteriostatic concentrations shown in the table are averages of
several tests made at each pH for each drug. In many experiments
all the drugs were tested at one time at the three pH levels so that
conditions were standardized as to medium, pH, inoculum, etc. It
can be seen that the potency of the drugs did not vary uniformly
as the pH of the culture medium increased. Some of the drugs
were more efficient at the highest pH level and others were more
active at the lowerpHvalues. It is obvious that sulfonamide potency
in these tests was not correlated with the concentration in the culture
medium of ions or molecules, since the ionized fraction of all the
compounds increases as pH rises. However, there was one common
response to pH changes; all of the sulfonamides increased in activity
as the pH of the medium approached their respective pKa values.
The compounds with high pKavalues (sulfanilamide and sulfaguan-
idine) increase in efficiency as pH rises; the most acid sulfonamide
(sulfadiazine) loses potency as pH rises; and the two intermediate
derivatives (sulfapyridine and sulfathiazole) are most active at
pH 7.8.
Tests were also carried out with each sulfonamide at pH levels
differing from those shown in Table 1, and the results invariably
followed the same trends as are evident in the recorded data. Also,
thefivesulfonamides listed in Table 1 were tested against B. subtilis,
Ps. pyocyanea, and E. coli. Although these organisms differed in
their susceptibility to the action of the sulfonamides, in every case
the change in drugefficiency with variation in pH followed the same
course as when Staph. aureus was used.
The results presented above are in substantial agreement with
those obtained by Cowles,2 who used E. coli as the test organism.
To account for the activity trends of the sulfonamides, Cowles
advanced the hypothesis that, like many other acids, the sulfona-
mides may enter the bacterial cell only in the molecular form and
that they then ionize intracellularly to the active form. Provided
that the cell is at the same pH as the medium, the intracellular
ionic fraction at any instant is represented by the product of the
ionic and molecular fractions. If a is the ionized fraction, and 1-ac
is the molecular fraction, then 1-a molecules are available to go
into the cell where they will ionize to the extent determined by the
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size of the a fraction. Thus a(l-a) or a-a2 represents the active
fraction of the total molecular concentration of the drug. The
product, a-a2, reaches its maximum at the pKa of the drug and
this is in accord with the
e -El observed bacteriostatic po-
CK_ tency trends.
,~ < cellIf the pH within the
cell is assumed to be iden-
t-2 tical with the pH of the
A vk/ a=SULFANILAMIDE t medium only within a cer-
!3 /* SULFAPYRIDINE tain range, such as between
O SULFATHIAZOLt
o SULFADIAZINE pH 6.0 and 8.0, the prod-
-.3 -.2 -I O 41 + uct of the extracellular
pH-KpKA molecular fraction (1-axl)
CHART 1. Calculated curves of changes in a - a2 and and the intracellular ionic
a as pH varies from the pKa of sulfonamides. an (a) is in even
closer agreement with the observed drug activity. In this case, a2
wouldvarywith pH changes up topH 8.0 and thenbecome constant.
The a-a2 and a2(1-at) fractions of each drug at the three pH
levels are included in Table 1 for comparison with potency trends.
It will be seen that in the case of the sulfonamides with high pKa
values, the a2(1-al) fraction predicts the observed results more
closely than does o-ta2.
Charts 1 and 2 may #5
facilitate comparison of the <
0 o
changes in the ac-a2 frac- *
tion of the drugs and the J,3
observed changes in po- AS IN CHART I
tency as pH varies from -3 -2 -I o *1 +2
the pKa of thecompounds. pH- pKA
Chart 1 shows the course CHART 2. Experimentally determined curve of changes
2 in bacteriostatic potency as pH varies from the pKa of of the log of the a-_a sulfonamides.
fraction plotted against
pH-pKa for the various drugs at the pH levels of 6.5, 7.8, and 8.9.
Chart 2 shows the variation in the logarithm of the reciprocal of the
minimum bacteriostatic concentration for the same drugs at the same
pH levels as in Chart 1.
The points in Chart 2 follow a course similar to the curve of
a-at2 in Chart 1, but all of the drugs do not fall on a single line
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as they would if the a-a' fraction were the only factor in sulfona-
mide effiiency. However, the a-a2 fraction is certainly only one
of many factors and is at best an empirical formula for the active
fraction ofthesulfonamides, since it cannot be derived by application
of the law of mass action as an equilibrium equation for the number
of anions inside the cell.
While the variation with pH of this proposed active fraction of
the sulfonamides does correlate with observed changes in drug effi-
ciency, further work to test the hypothesis under different conditions
was indicated. Accordingly, four of the sulfonamides were tested
at various pH levels to determine the effect of pH on their ability
to compete with added p-aminobenzoic acid.
The tests with p-amincobenzoic acid and sulfonamides were car-
ried out in essentially the same manner as the tests for bacteriostasis
except that dilutions were not made directly in the culture tubes.
Para-aminobenzoic acid and the sulfonamide were diluted separately
in large test tu'bes and then 1 ml. of each solution was added to
smaller test tubes so that each compound was diluted to half its
original concentration. In these experiments several dilutions of
sulfonamide were tested against varying amounts of p-aminobenzoic
acid and tests were made at two or three pH levels. Controls with
sulfonamide alone were included todetermine the minimumbacterio-
static concentration of the drug under the exact conditions of each
test.
The results of tests with varying amounts of sulfonamides and
p-amincbenzoic acid at a fixed pH level showed that in every case
there was a linear relationship between the concentrations of sulfona-
mide and the minimum concentrations ofp-amindbenzoic acid which
would allow visible growth to occur within the five-day oibservation
period. This relationship has already been reported by Strauss,
Lowell, and Finland,4 and by Wood.5 Wood's observation that the
sulfonamide:p-aminobenzoic acid ratio reflects the relative potency
of the various sulfonamides was also confirmed when pH was con-
stant. However, it was found that when pH was varied, changes
occurred in the sulfonamide:p-aminobenzoic acid ratio which did not
correlate with changes in drug potency. This lack of correlation
was interpreted as indicating that the effectiveness of the p-amino-
benzoic acid, as well as that of the sulfonamides, might be changing
with variation in pH.
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The ratio of molecular amounts of sulfonamide to the amounts
of p-aminobenzoic acid needed to reverse bacteriostasis at different
pH levels did not give definite information as to the effective frac-
tion of either compound. Therefore, it was decided to analyse the
data to determine the variation in amounts of p-aminobenzoic acid
needed to reverse a fixed potency unit of the sulfonamides at differ-
ent pH levels. Since sulfonamide controls were induded in the
neutralization experiments, the minimum bacteriostatic concentration
for each test could be determined. In Table 2 are recorded the
minimum amounts of p-aminobenzoic acid needed to permit growth
in the presence of four times the minimum bacteriostatic concentra-
tions of the sulfonamides at several pH levels. Whatever the
effective fraction of the sulfonamides may be, it seems permissible
to assume that at each pH and for each drug in Table 2 there is
present an equal concentration of that fraction.
TABLE 2
THE CONCENTRATION OF PARA-AMINOBENZOIC ACID NEEDED TO NEUTRALIZE A FIXED
POTENCY (4 X MINIMUM BACTERIOSTATIC CONCENTRATION) OF
SULFONAMIDES AT VARIOUS pH LEVELS
pH Sulfanilamide Sulfapyridine Sulfadiazine Sulfathiazole
6.0 .. ........ ........10 7
6.5 loO.5 Io05 I65
7.0 ........ I0A.5 1 O4.5
7.5 ........ 10 5 5
........
7.8 10-55 ........ 10-55
8.0 ........ ........ I1O-5.5
8.5 ........ 10 .5 10o 5
........
8.9 10-5. ........ 10t-5oOt 1045
As would be expected, at a given pH the same amount of
p-aminobenzoic acid reversed the effect of the fixed bacteriostatic
concentration of all drugs. However, as pH rose from 6.0 to 8.9,
more p-aminobenzoic acid was required to neutralize the activity of
the same potency unit of the sulfonamides. These results indicate
that p-aminobenzoic acid does not increase in effectiveness as its ionic
concentration in the medium increases. On the other hand, if
p-aminobenzoic acid, like the sulfonamides, loses efficiency after it is
more than half dissociated, it would rapidly -become less active as
pH increased from 6.0 to 8.9.
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In view of the evidence presented suggesting that both p-amino-
benzoic acid and the sulfonamides change in efficiency with variation
in pH, it would seem that molecular ratios of sulfonamide:p-amino-
benzoic acid at varying pH levels should not be interpreted exdu-
sively in terms of sulfonamide activity. In Table 3 the molecular
sulfonamide:p-aminobenzoic acid ratios at which growth occurs at
various pH levels are presented.
TABLE 3
MOLECULAR RATIOS OF SULFONAMIDES TO PARA-AMINOBENZOIC ACID AT
VARIOUS PH LEVELS
pH Sulfanilamide Sulfapyridine Sulfadiazine Sulfathiazole
6.0 ...... ...... ...... 720
6.5 21,000 ...... 820 430
7.0 ...... 750 ...... 24
7.5 ...... ...... 150 ......
7.8 840 ...... ...... 28
8.0 ...... ...... ...... 24
8.5 ...... 32 150 ......
8.9 140 ...... ...... 28
If the ratios are considered as indicative of changes in sulfona-
mide potency, the results shown in Table 3 mean that all sulfona-
mides increase or do not change in potency as pH rises. However,
in the case of some of the drugs, this interpretation would be in
direct contradiction to the observed results of the bacteriostatic tests.
The apparent conflict between the data in Tables 1 and 3 is resolved
when it is recalled that p-aminobenzoic acid is becoming steadily less
effective as pH rises from 6.0 to 9.0. If the sulfonamide is losing
potency with increasing pH at the same rate as p-aminobenzoic acid
is losing potency, then no change in ratio would be expected. This
is the case with sulfadiazine and sulfathiazole at pH levels of 7.0
and above. If thesulfonamide gains in effectiveness with rising pH
as sulfanilamide does, then large changes in ratio such as are seen in
Table 3 would occur.
Thus, the tests with p-aminobenzoic acid suggest that this essen-
tial metabolite may rely on the same mechanism as do the sulfona-
mides in migrating from culture medium into the bacterial cell.
In this connection, a series of experiments were carried out with the
819YALE JOURNAL OF BIOLOGY AND MEDICINE
growth factor nicotinic acid. It was found that this acid was ten
times more efficient in promoting the growth of Staph. aureus at pH
6.2 than at pH 7.6. Since nicotinic acid has a pKa of 4.85, these
results are in line with those obtained with the sulfonamides and
p-aminobenzoic acid. However, when nicotinamide was tested at
the same two pH levels, it was found to be about twice as efficient
at pH 6.2 as at pH 7.6. Nicotinamide has a pKa of above 10 and
consequently would have a larger a-a2 fraction at the higher pH
level. Thus, it could -not be shown with nicotinic acid and its amide
that growth factors respond to pH changes in the same manner as do
the sulfonalmide compounds, but a change in efficiency with pH
variation was demonstrated.
The hypothesis that ionic concentration governs the potency of
p-aminobenzoic acid and the sulfonamides does not account for the
observations of these experiments. Cowles' suggestion2 that the
effective fraction of the sulfonamides can be calculated from the
molecular fraction in the culture medium and the ionic fraction in
the cell more nearly explains the results than does any other disso-
ciation hypothesis. It is not probable, however, that an exact equi-
librium formula can be derived for the effective fraction of all the
drugs as long as we are ignorant of cell pH and possible differences
in ionization constants inside and outside the cell. If it is assumed
that intracellularpH is the same asthe pH of the medium to avalue
of about 8.0, the product of the molecular fraction in the medium
and the ionic fraction in the cell decreases steadily in the case of
p-aminobenzoic acid from pH 6.0 to 9.0. The same theoretical
effective fraction for the sulfonamides rises or falls through this
pH range, depending upon the pKa of the drug, but in every case
the potency of the drug and its ability to compete with p-amino-
benzoic acid approximates the course which would be expected if
the calculated fraction were actually the active portion of the
compound.
The recently published theory of Bell and R6blin' places
emphasis on the negative charge carried by the CO2 group of
p-aminobenzoic acid and the SO2 group of the sulfonamides, and
postulates an inherent difference in effectiveness for various sulfona-
mides. This would explain the ability of p-aminobenzoic acid to
neutralize the effect of sulfonamides in spite of greater effective
concentration of the latter.
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The results of the investigations reported here do not substantiate
the hypothesis that the activity of an individual sulfonamide com-
pound increases as the ionized fraction increases. However, the
lack of correlation between the magnitude of the ionic fraction of
the sulfonamides in a solution and the bacteriostatic efficiency of
those compounds does not mean that the ion is not the most active
fraction of the sulfonamides. The results of these experiments indi-
cate only that the molecular fraction of a sulfonamide solution may
play an important part in determining the intracellular concentration
of the active fraction and that the influence of pH must have a more
complex basis than a simple change in the concentration of sulfona-
mide ions in culture media.
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